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ABSTRACT

The snalysis of the transient rasponse of a finite geometry disk electrode (embedded in an infinite
insulating plans) subjectad 10 an AC flux perturbation is discussed. The real and imaginary components
of the impedancs are derived. The analysis makes uss of the properties of discontinuous definite Bessel
integrals.

INTRODUCTION \

We have shown recently [1,2] that jt is possible to derive the chronopotentiomet-
ric and chronoamperometric respons2 of microdisk electrodes by modelling these
experiments with a constant uniform flux over the microdisk and by deriving the
average concentration over the surface. The properties of the discontinuous integrals
of Bessel functions are used in these calculations to account for the mixed boundary
conditions in the plane of the electrode (prescribed flux over the electrode surface.
zero flux over the surrounding insulator surface). It is evident that the use of
disontinuous integml.s allows the discussion of a wide range of clectrochemical
techniques and in this paper we discuss the denvauon of the AC u'npedancc of a

-

microdisk electrode for a simple redox reaction. U R PO S ,
~ . H . L “&\

THEORETICAL CONSIDERATIONS s

We consider the simple redox reaction
Ox+e #Rd
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at the microdisk electrode subjected to an AC flux

D dc/0z= —Q sin w! sayfor0<r<a, z=0,:>0 )
with zero flux over the surrounding insulator surface

3C@0 r>a.:=0,1t>0 2)

It should be noted that. as in the application of small amplitude galvanostatic or
potentiostatic puises [1.2], the uniform flux boundary condition (1) will apply rather
than any boundary condition based on a uniform concentration over the surface of
the microdisk. We apply conditions (1) and (2) to the solution of the differential
equation governing the concentration of one of the redox species:

3 D3 D3 DI

¥ et e ®)
We consider the Laplace transform of eqn. (3)

3% 198 % L. ™

— — — — & —

art T o e+ =0 (4)
where

g =s/D s (5)
s is the variable of the Laplace Tranformation and ¢* is the bulk concentration of
each of the redox species. With the sustitution

Y cxp[-(az+qz)lnz] (6)
the solution of eqn. (4) is (1]
2= + [“s(a.q) exp| ~(a? +4*) "2 Sp(ar) da e

where the function g(a,g) must be chosen to satisy the Laplace transforms of the
boundary conditions (1) and (2):

ac - Quw

32 pist-w?) O<r<a z=0 (&)
9é

5-;-0 r>ag, z=0 (9)
Use of the discontinuous integrals

. 0 r>a
[ Jotar)i(aa) da=(1/2a  r=a o
0 1/a r<a

shows that the alternating component of the concentration is

» da )
CXP["(az“‘41)1/2:]./0(&.')-11(00)(-?2)—1/2- P
a" +q

e __Qqua
D(s*+w*) o




and at : = ( we have

- qua » da
= n < A J, Ee—— (12
< D(:'vw‘)'{) h(ar) 1(00)(a2+q2)\/. )

As in the analysis of the chronopotentiometric experiment. we can invert the
transform before taking the integral in eqn. (12). Since we are interested only in the
steady state behavior of the aliernating component of the concentration, we confine
attention here to the poles s = tiw of the integrand of the inversion Theorem

1 MA+io exp(st) ds

f(f)-i?‘ e (Il+w2)(az+,/b)1/z (13)

The residues at these poles are
exp( tiwt)

(14)
t2iw(a’+w/D?*)"* exp(+i6/2)
where
tan 8 = w/da’ (15)
Thus the sum of the residues at these poles ist _
-1 . . . .

Iy (i expli(wz - 8/2)] =i exp[ —i(wt - 8/2)])

wia (%]

1 .
- m sin(wr — 6/2) (16)

We apply Cauchy’s Theorem to eqn. (13) (i.e. that the value of the integrand is 271
times the sum of the residues at the poles) and use eqn. (16) in eqn. (12) to give
sin(wt - 6/2) da

17)
(4.!4 + wz/Dz)l/‘

c= %g'/:.lo(ar)ll(aa)

As in the chronopotentiometric case discussed previously. we evaluate the average
concentration over the surface of the disk

2Q pa 4 sin{wt —8/2)r dr da
"AV-E_/;I; Jo(ar)J,(aa) (a‘+w2/Dz)V‘

o 1 .
2Q / [J,(aa)]z sin(wt — 6,/2) da (18)
Dl/ZUl/Z 0 a(l +D2al/02)l/4

With the substitutions

B=al (19

I*=D/w (20)
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we can wnite eqns. (18) and (15) as

__ 20 r[  Ba ]zsin(wl—ﬂ/l)dﬁ
R A e
tan § = 1/8?2 (22)

D”‘Q 2

We can use eqn. (21) in some appropriate polarization equation such as the
Butler-Volmer relation

) o SR - () ol <5

nf\
where we have assumed equal bulk concentrations of the two redox components.
For sufficiently small 4 and c,, we linearize eqn. (23) in the usual way and expand
eqn. (21) into the in-phase and quadrature components to give the real and
imaginary components of the AC impedance

2'm BT 4RT ,,[:[-’:(p%)]zﬂO/z)dp

wnFiga®  #niFiDV4\ g% B(1+84)*

(23)

RT 4RT
- + f_{or—‘ : 24
nnFiga®  #niFiDV\ /g% D r (24)

v 4RT » 1sin(6/2) dB
z= wnzFID'”u'/’azc"[) [J(ﬁ%)] W

. T o
#niFiDY31 g™ T\ D

The functions ®@,, and ®; are tabulated in Table 1 and Fig. 1 gives a Cole~Cole plot

of the dimensionless quantities

aniF*Dac® _,  nFDe= .( D \'?. (ak

¥ Dac -o(2) 7o)

RT % " ia, >

(25)

wa

2p2y,,0 12 2
mn‘F‘Dac 2" -2 _D_ ®, aw
2RT wa? D

as a function of the dimensionless frequency aw/D. As expected, the plot differs
markedly from the plot for a large planar clectrode [3]. At low frequencies. Z”
vanishes as the transport impedance becomes determined by the steady state mass
transfer coefficient to the microelectrode surface. At sufficiently high frequencies
the results resemble the familiar plot of the Warburg impedance and as w = x
Z” =0and Z’ is determined by the charge transfer resistance. This charge transfer
resistance displaces the Cole-Cole plot along the Z’ axis and R can be obtaned
from botk the high frequency and zero frequency limits. In contrast to measurement




TABLE 1

Values of the function ¢,(aw/D) and Ps(a’w /D), eqns. (24)-(27)

a‘w. D ®,(a‘w/D) ®3(a*w/ D)
0.000400 0.00841 0.000070
0.001600 0.01669 0.000276
0003600 0.02483 0.000612
0.006400 0.03282 0.001075
0.01000 0.04068 0.001658
0.04000 0.07786 0.006213
0.09000 0.1116 0.01309
0.1600 0.1421 0.02179
0.2500 0.1695 0.03186
0.4500 0.2156 0.05468
0.6400 0.2348 0.066T7
0.8100 0.2517 0.07908
1.000 0.2663 0.09131
1.210 02794 0.1034
1.6%0 0.3002 0.1266
1.960 0.3086 0.1376
2250 0.3157 0.1480
2.890 0.3269 0.1674
3240 03312 0.1762
3.610 0.3349 e 0.1845
4.340 0.3427 0.2064
5.760 0.3460 02186
6.760 0.3482 02292
7.840 0.34% 0.2384
9.000 0.3506 0.2464

10.24 0.3513 0.2534
11.56 0.3517 0.259%
12.96 0.3520 0.2649
14.44 0.3522 0.2696
16.00 0.3524 0.2739
25.00 0.3529 0.2899
36.00 0.3532 0.3005
64.00 0.3534 0.3138
81.00 0.3534 0.3182

100.0 0.3535 0.3217

144.0 0.3535 0.3270

196.0 0.3535 0.3308

256.0 0.3535 0.3336

3240 0.3535 0.3359

400.0 0.3535 0.3376

506.2 0.3535 0.3394

625.0 0.3538 0.3408

756.2 0.3535 0.3420

with conventional electrodes, the fequencies are scaled by the parameter (D/a°) A-
in other experiments with microelectrodes, the kinetics of fast electrode reactions
become measurable by making (D/a) sufficiently large.
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Fig. 1. Cole-Cole plot of the dimeesioniess impedances (24) sad (25).

The equivalent circuit can be designated by Fig. 2 where M denotes the diffu-
sional impedance of the microelectrode. It is unlikely that the uncompensated
solution resistance, R, will have to be taken into account as the spherical potential
field in the solution minimizes R, (just as the spherical concenctration field
maximizes k). The time constant R, Cy will usually be short compared to the
shortest accessible value of w™!: the response at high frequencies will in fact be
similar to those of planar electrodes being determined by the product RetCy.

Cdl

Rect

Fig. 2. Equivalent curcuit for the disk microeiectrode.
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CONCLUSION

The simple approach to the solution of the differential equation governing mass
transfer to microdisk electrodes which was used previously to discuss chronopo-
tentiometric and chronoamperometric measurements (1.2] can evidently be used to
analyze ail the usual electrochemical experiments at an adequate level of approxima-
tion. Applications to reaction schemes involving -oupled chemical reactions, to
cyclic amperometry. and to measurements using ring eclectrodes will be reporied
elsewhere [4]. The analysis presented here opens up the use of microelectrodes in
AC impedance experiments. Such measurements are likely to be particularly useful
since it becomes possible to scale the frequency responses and charge transfer
resistances by the paramerers (D/a)? and (D/a) respectively. Therefore, as in other
applications of microelectrodes 10 the measurement of electrochemical kinetics, the
electrode dimension becomes a parameter of the experimental investigation.
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GLOSSARY OF ADDITIONAL SYMBOLS USED (ses also ref. 1)

0

Double layer capacitance, xF
(_ 1)]/2
Mass transport coefficient, cm s~
(D/w)'?
Number of electrons
Uncompensated resistance, O
Charge transfer resistance, 2
Real pan complex impedance
Imaginary pm complex impedance
Tan ™Y u/Da
( a cos( 8/2) dB
[7[#le
B(1+8*)
j [ ] sm( 8/2) dB
(1 + B 1/4
w Angular frequency, Hz

REFERENCES

>4

~
N

DNND DI =X

s

2

qT%ﬁ
1 M. Fleischmann. J. Daschbach, and S. Pons, J. Electroanal. Chem., JEC 978/.

2 M. Flesschmann and S. Pons, J. Electroanal. Chem.. JEC 9788,

3 See for example. A. Bard and L. Faulker. Electrochemucal Methods, Wiley, New York. 1980.
4 M. Fleischmann and S. Pons, J. Electroanal. Chem., JEC 9786.




0L/1113/87/2

TECHNICAL REPORT DILTRIBUTION LIST, GEN

m.
Copies

office of Naval Research 2
Attn: Ccde 1113
800 N. Quincy Street
Arlington, Virginia 22217-5000
Dr. Bernard Douda 1
Naval Weapons Support Center
Code 50C
Crane, Indfana 47522-5050
Naval Civil Engireering Laboratory 1

Attn: Dr. R, W. Drisko, Code LR
Port Hueneme, California 93401

Defense Technical Information Center 12
Building 5, Cameron Station high

Alexandria, Virginia 22314 quality
DTNSRDC 1
Attn: Dr. H. Singerman

Applied Chemistry Division

Annapolis, Maryland 21401

Dr. William Tolles 1

Superintendent

Chemistry Division, Code 6100
Naval Research Laboratory
Washington, D.C. 20375-5000

No.
Copies

Dr. David Young 1
Code 334

NORDA

NSTL, Mississippi 39529

Naval Weapons Center 1
Attn: Dr. Ron Atkins

Chemistry Division

China Lake, California 93555

Scientific Advisor 1
Commandant of the Marine Corps

Code RD-1

Washington, D.C. 20380

U.S. Army Research Office 1
Attn: CRD-AA-IP

P.0. Box 12211

Research Triangle Park, NC 27709

Mr. 2chn Loyle 1
Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania 19112

Naval Ocean Systems Center !
Attn: Dr. S. Yamamoto

Marine Sciences Division

San Diego, California 91232




0L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, SDIO/IST

Dr. Robert A. Osteryoung
Department of Chemistry
State University of New York
Buffalo, NY 14214

Dr. Douglas N. Bennion

Department of Chemical Engineering
Brigham Young University

Provo, UT 84602

Dr. Stanley Pons

Uni
t Lake City, UT 84112

Dr. H. V. Venkatasetty
Honeywell, Inc.

10701 Lyndale Avenue South
Bloomington, MN 55420

Dr. J. Foos

EIC Labs Inc.

111 Downey St.
Norwood, MA 02062

Dr. Neill Weber
Ceramatec, Inc.

163 West 1700 South

Salt Lake City, UT 84115

Dr. Subhash €. Narang
SRI International

333 Ravenswood Ave.
Menlo Park, CA 94025

Dr. J. Paul Pemsler

Castle Technology Corporation
52 Dragon Ct.

Woburn, MA 01801

Dr. R. David Rauh
EIC Laboratory Inc.
111 Downey Street
Norwood, MA 02062

Dr. Joseph S. Foos

EIC Laboratories, Inc.

111 Downey Street

Norwood, Massachusetts 02062

Dr. Donald M. Schleich

Department of Chemistry
Polytechnic Institute of New York
333 Jay Street

Brooklyn, New York 01

Dr. Stan Szpak

Code 633

Naval Ocean Systems Center
San Diego, CA 92152-5000

Dr. George Blomgren
Battery Products Division
Union Carbide Corporation
25225 Detroit Rd.
Westlake, OH 44145

Dr. Ernest Yeager

Case Center for Electrochemical
Science

Case Western Reserve University

Cleveland, OH 44106

Dr. Mel Miles

Code 3852

Naval Weapons Center
China Lake, CA 93555

Dr. Ashok V. Joshi
Ceramatec, Inc.

2425 South 900 West

Salt Lake City, Utah 84119

Dr. W. Anderson

Department of Electrical &
Computer Engineering

SUNY - Buffalo

Amherst, Massachusetts 14260

Dr. M. L. Gopikanth
Chemtech Systems, Inc.
P.0. Box 1067
Burlington, MA 01803

Dr. H. F. Gibbard

Power Conversion, Inc.

495 Boulevard

Elmwood Park, New Jersey 07407




—

L/1113/87/2

ABSTRACTS DISTRIBUTION LIST, SDIO/IST

Dr. V. R. Koch
Covalent Associates
52 Dragon Court
Woburn, MA 01801

Dr. Randall B. Olsen

Chronos Research Laboratories, Inc.

4186 Sorrento Valley Blvd.
Suite H
San Diego, CA 92121

Dr. Alan Hooper

Applied Electrochemistry Centre
Harwell Laboratory

Oxfordshire, 0X11 ORA UK

Dr. John S. Wilkes

Department of the Air Force

The Frank J. Seiler Research Lab.
United States Air Force Academy
Colorado Springs, CO 80840-6528

Dr. Gary Bullard

Pinnacle Research Institute, Inc.
10432 N. Tantan Avenue

Cupertino, CA 95014

Or. J. O'M. Bockris
Ementech, Inc.

Route 5, Box 946

College Station, TX 77840

Dr. Michael Binder

Electrochemical Research Branch

Power Saurces Division

U.S. Army Laboratory Command

Fort Monmouth, New Jersey 07703-5000

Professort Martin Fleischmann
Department of Chemistry
University of Southampton
Sauthampton, Hants, SC9 5NH UK




